The glycoproteins I and E of pseudorabies virus are important mediators of cell-to-cell spread and virulence in all animal models tested. Although these two proteins form a complex with one another, ascribing any function to the individual proteins has been difficult. We have shown previously, using nonsense mutations, that the N-terminal ectodomain of the gE protein is sufficient for gE-mediated transsynaptic spread whereas the cytoplasmic domain of the protein is required for full expression of virulence. These same studies demonstrated that the cytoplasmic domain of gE is also required for endocytosis of the protein. In this report, we describe the construction of viruses with nonsense mutations in gI that allowed us to determine the contributions of the gI cytoplasmic domain to protein expression as well as virus neuroinvasion and virulence after infection of the rat eye. We also constructed double mutants with nonsense mutations in both gE and gI so that the contributions of both the gE and gI cytoplasmic domains could be determined. We observed that the gI cytoplasmic domain is required for efficient posttranslational modification of the gI protein. The gE cytoplasmic domain has no effect on gE posttranslational glycosylation. In addition, we found that infection of all gE-gI-dependent anterograde circuits projecting from the rat retina requires both ectodomains and at least one of the cytoplasmic domains of the proteins. The gI cytoplasmic domain promotes transsynaptic spread of virus better than the gE cytoplasmic domain. Interestingly, both gE and gI cytoplasmic tails are required for virulence; lack of either one or both results in an attenuated infection. These data suggest that gE and gI play differential roles in mediating directional neuroinvasion of the rat; however, the gE and gI cytoplasmic domains most likely function together to promote virulence.
Pseudorabies virus (PRV) is a neurotropic alphaherpesvirus of swine that also infects and causes lethal disease in most mammals (except higher primates) and some birds (3, 32) . In adult pigs, PRV infects the peripheral nervous system after primary infection of the mucosal epithelium lining the nasal cavity (40) . Infection of sensory and autonomic ganglia through the nerve termini leads to establishment of life-long latency of the virus in the natural host (34) . After infection of other susceptible animals, or young piglets, PRV usually does not establish latency in peripheral nerves but rather invades the central nervous system (CNS), causing lethal encephalitis.
At least three nonessential membrane proteins encoded by wild-type PRV are important for directional spread of virus from neuron to neuron after PRV infection of the rat CNS. The type I transmembrane glycoproteins E (gE) and I (gI) and the type II membrane protein Us9 are required for spread from presynaptic retinal ganglion cells to postsynaptic neurons in the superior colliculus (SC) and geniculate complex after infection of the rat eye (4, 5, 39) . In pigs, gE and gI are required for PRV to spread from presynaptic olfactory neurons to postsynaptic neurons in the olfactory bulb after infection of the nasal olfactory mucosa (19, 24, 26, 30, 31) . In mice, gE is required for transmission of virus to postsynaptic second order neurons after intranasal inoculation (1) . In the rat CNS, gE, gI, and Us9 are required for efficient transmission of virus to postsynaptic neurons in the striatum after direct prefontal cortex injection. In general, all viruses deleted for these genes maintain the ability to spread from postsynaptic to presynaptic neurons in most models (4, 5, 41) .
The precise functions of gE, gI, and Us9 in promoting directional spread of virus in the CNS have not yet been defined. gE and gI form a hetero-oligomer that facilitates the maturation and intracellular transport of both proteins to the plasma membrane of cells (39, 43) . There is no evidence that Us9 forms a complex with gE or gI, suggesting that it may act at another step to promote transneuronal spread of PRV (our unpublished observations). Infection of certain nonneuronal (e.g., Madin-Darby bovine kidney [MDBK] ) cells in culture by gE and gI null mutants, but not Us9 null mutants, leads to formation of small plaques, suggesting that gE and gI are required for efficient cell-to-cell spread in these cells (reviewed in references 4 and 17). However, spread as measured by plaque size in tissue culture does not always correlate with the ability of a virus to invade the CNS (4, 36, 38) . Coinfection studies show that gE, gI, and Us9 null mutants are not defective in entering the primary retinal ganglion cells after intravitreal injection (4, 14) . These observations suggest that the mutants are defective either in transport of the virus from the cell body to the axon terminal or in transfer of virus to the second-order neuron (discussed in reference 4). Analysis of viral mutants expressing truncated gE proteins has shown that the N-terminal extracellular domain of gE is sufficient for gI-gE complex formation as well as sufficient to mediate wildtype anterograde invasion after rat retina infection (36, 38) . The C-terminal cytoplasmic domain of gE is dispensable for invasion of the CNS through anterograde and retrograde transport of virus. One hypothesis to explain gI-gE-mediated spread is that the ectodomain of the complex binds to a cellular ligand to allow passage of virus from an infected cell to an uninfected cell (10) .
Because gE and gI can be found in a complex, and deletion of either gene alone shows a similar phenotype in the infected animal, it has often been asserted that gE and gI act together as a single functional unit to mediate cell-to-cell and directional transneuronal spread of infection. Several lines of evidence, however, suggest that gE and gI proteins may function on their own. gI null viruses are more virulent than gE null mutants in pigs and day-old chicks (28) . Furthermore, a gInegative virus spreads more extensively than a gE null mutant in the CNS of pigs after intranasal infection (25) . In addition, PRV recombinants expressing either the bovine herpesvirus 1 (BHV-1) gE or gI proteins in exchange for the PRV gE and gI homologs have unexpected phenotypes (22, 23) . A PRV recombinant expressing BHV-1 gI alone spreads anterograde to visual centers in some animals after retina infection. This is not seen with a PRV recombinant expressing BHV-1 gE. In this paradigm, the expression of BHV-1 gI without its obligate partner, BHV-1 gE, still allows for spread to areas requiring expression of both PRV gE and gI. Furthermore, a gE-negative virus produces significantly smaller plaques than a gI null mutant (17) . Finally, several groups have shown that herpes simplex virus type 1 (HSV-1), varicella-zoster virus, and PRV gE-gI complexes have Fc receptor activity (15, 20, 21, 27) . HSV-1 gE protein binds immunoglobulin G (IgG) aggregates but not monomers, while HSV-1 gI is not able to bind to any form of IgG. When expressed together, the HSV-1 gE-gI complex binds both aggregates and monomers. Thus, gI acts to modify gE in its affinity for binding to IgG (11, 12, 20, 21) . Taken together, these observations suggest that gE and gI mediate similar functions but can do so independently in certain circumstances. From the Fc receptor experiments, it appears that gE provides the primary activity that is modified when complexed with gI.
In this report, we describe the construction of viruses with nonsense mutations in gI. We also constructed double mutants in which the contributions of both the gE and gI cytoplasmic domains could be determined. We found that the gI mutants lacking the cytoplasmic domain exhibit a novel neuroinvasion defect after infection of the rat visual system markedly different from that observed for gE mutants lacking the cytoplasmic domain. In addition, the gE and gI double mutants lacking both cytoplasmic domains demonstrate a more severe spread defect than either single gI or gE mutant alone. These data are consistent with the hypothesis that the ectodomains of the proteins do not always act in concert with one another in mediating transneuronal spread in the rat CNS. Two other unexpected results were obtained. First, all animals infected with any of the gE or gI cytoplasmic domain mutants lived to extended times postinfection and exhibited only mild symptoms of disease. These observations indicate that both cytoplasmic domains are required for full gE-and gI-mediated virulence. Second, the gI cytoplasmic domain is required for efficient posttranslational modification of the gI protein.
MATERIALS AND METHODS
Virus strains and cells. Table 1 comprises a list of viruses used in this study. Wild-type PRV strain Becker (PRV Be) and the isogenic strains PRV 26, PRV 107, PRV 91, PRV 98, and PRV 99 have been previously described (36, 38, 39) . Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), while viral infections were performed in DMEM supplemented with 2% FBS. All PRV strains were propagated in pig kidney epithelial (PK15) cells. Plaque size phenotypes were analyzed on MDBK cells grown in 1% Methocel in DMEM supplemented with 2% FBS.
Antisera. The monoclonal antibody (MAb) specific for gE complexed to gI (MAb 1/14), the polyclonal rabbit PRV-specific antiserum (Rb133), the polyclonal rabbit antiserum to gI (Rb1544), and the polyclonal goat antiserum to gC (282) have all been previously described (16, 33, 39) . T. Ben-Porat kindly provided the MAb pool to gE (M133, M156, and M138). Rabbit polyclonal antiserum to gE was a generous gift from K. Bienkowska-Szewczyk (University of Gdansk).
Rabbit polyclonal antiserum to the cytoplasmic domain of gE was made against a fusion protein in which this gE protein domain was fused to the glutathione S-transferase (GST) protein (pRS45, described below). Escherichia coli DH5␣ cells transformed with pRS45 were induced to express the GST-gE fusion protein by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG). Following an inclusion body preparation (35) , the fusion protein was found in the soluble supernatant. The fusion protein was affinity purified using GST-agarose (Sigma) following the GST-Gene Fusion System protocol (Pharmacia) and dialyzed against phosphate-buffered saline (PBS); 250 g of protein was injected into New Zealand White rabbits. Complete Freund's adjuvant was used in the first injection, while incomplete Freund's adjuvant was used in all subsequent injections. Injections were performed every 2 weeks for 6 weeks. Serum was collected at 2-week intervals beginning 1 month after the initial injection and was tested by Western blot analysis for reactivity against gE. This antiserum was also found to be reactive in immunoprecipitations and immunofluorescence studies.
For some immunoprecipitations, antibody Rb1544 was cross-linked to protein A-agarose beads (50% slurry; Sigma) in the following manner. An equal volume of Rb1544 antibody was mixed for 1 h at room temperature with gentle rocking with protein A-agarose, creating a 25% final slurry of beads. The beads were washed twice with 10 volumes of 0.2 M sodium borate (pH 9.0) and centrifuged at 3,000 ϫ g for 5 min before removal of the supernatant. The beads were resuspended in 10 volumes of 0.2 M sodium borate, and dimethyl pimelimidate (Sigma) was added to a final concentration of 20 mM. After rocking for 30 min at room temperature, the reaction was stopped by one wash as before with 10 volumes of 0.2 M ethanolamine (pH 8.0) and then incubation for 2 h at room temperature in 10 volumes of 0.2 M ethanolamine with gentle mixing. After the wash, the beads were resuspended in PBS containing 0.01% thimerosal (Sigma) to make a final suspension of 50% beads.
Alexa-568-conjugated goat anti-mouse IgG was purchased from Molecular Probes. Horseradish peroxidase-conjugated donkey anti-mouse, anti-rabbit, and anti-goat IgGs were purchased from Kirkegaard & Perry Laboratories, Inc.
Plasmids and viruses. All amplified sequences were determined using Sequenase version 2.0 (United States Biochemical) to confirm the presence of only desired mutations.
Construction of a plasmid encoding the GST-gE cytoplasmic domain fusion. The sequences encoding the cytoplasmic domain of gE were PCR amplified (5Ј-GGGGAATTCCGCCGCCGGGCGGCCTCGCGG-3Ј; 5Ј-GGGAGATCT TAAGCGGGGCGGGCATTCAACAGG-3Ј) and cloned into pGEX-4T-1 (Pharmacia), using EcoRI and XhoI restriction sites. This plasmid was named pRS45.
Mutation of arginine 281 and arginine 310 of gI to amber stop codons. The StuI-XcmI fragment of BamHI-7 of PRV viral DNA was cloned into a pAlter-1 plasmid to which an oligonucleotide linker was added (Promega), creating pPH3. Site-directed mutagenesis was performed on pPH3 (Altered Sites kit; Promega), using an oligonucleotide that results in the substitution of amino acid 281 or 310 of the protein with an amber stop codon (5Ј-ACGCCACGGCGGGCGCCTAG GGCCCCGGGAAGATAGC-3Ј; 5Ј-GGGGTCGCCTGCGCGGCCCGCTAG TGCGCGCGCGGAATCGCATC-3Ј). The plasmids were designated pRS37 (am281-gI) and pRS38 (am310-gI). The addition of the stop codons creates novel BfaI restriction sites. The 730-bp StuI-XcmI restriction fragment from either pRS37 or pRS38 containing the site-directed mutation was introduced into the transfer vector pPH2 (36) , resulting in pRS39 (am281-gI) or pRS40 (am310-gI). Transfer of the appropriate fragments was confirmed by restriction analysis of the resulting plasmids with BfaI. (36) , was transferred to pRS40, containing am310-gI, resulting in pRS43 (am310-gI; am457-gE). To confirm the transfer of the appropriate fragment, the plasmid was restricted with BfaI. This plasmid contains stop codons after the sequences encoding the transmembrane domains of both the gI and gE proteins. To construct a plasmid containing stop codons just before the sequences encoding the transmembrane domains of both gI and gE, the BstEII-SphI fragment of pRT20 (am428-gE) (38) was transferred into pRS39 (which contains am281-gI), creating pRS44 (am281-gI; am428-gE). Transfer of this fragment was confirmed by restriction analysis of the plasmid with AluI and BfaI.
Construction of a plasmid encoding gI signal sequence-GFP-gI transmembrane domain and cytoplasmic domain hybrid. To construct a fusion of the sequences encoding these protein segments, the sequences encoding the gI transmembrane domain and cytoplasmic domain were amplified by PCR (5Ј-G AAGATCTCGGGGCCCCGGGAAGATAGCCATGGTG-3Ј; 5Ј-CGGAATT CTGGCGAAGCTCGGCCAACGTCATC-3Ј) and cloned into pEGFP-C1 (Clontech), using the BglII and EcoRI restriction sites resulting in pRS35. The sequences encoding the gI signal sequence were then PCR amplified (5Ј-CGG CTAGCCCGGTCCGTAGCCTCCGCAGTACC-3Ј; (5Ј-ATACCGGTCTGAA GAGGACGCCCCCGACGCGCGG-3Ј) and cloned into pRS35, using the NheI and AgeI restriction sites, which places these sequences just 5Ј of the enhanced green fluorescent protein (GFP) cassette. This plasmid was designated pRS36. The RsrII-XcmI restriction fragment from pRS36 was then cloned into pPH2 to create pRS48 (gI-GFP hybrid transfer vector).
Construction of a plasmid encoding gE signal sequence-GFP-gE transmembrane domain and cytoplasmic domain hybrid. The gE-GFP hybrid was constructed in the same manner as the gI-GFP hybrid. The sequences encoding the gE transmembrane domain and cytoplasmic domain were amplified by PCR (5Ј-GAAGATCTCTGTTTGTGCTGGCGCTGGGCTCCT-3Ј; 5Ј-CGGAATT CGCCGGTTCTCCCGGTATTTAAGCG-3Ј) and cloned into pEGFP-C1, using the BglII and EcoRI sites, creating pRS2. The signal sequence and upstream intergenic sequences of gE were PCR-amplified (5Ј-TTAGCTAGCCAACCCC GTCGCCGGGGCGCC-3Ј; 5Ј-ATACCGGTGGGGTCGTCTCGGCGGAGA GGCTCG-3Ј) and cloned into pRS2, using the NheI and AgeI restriction sites, resulting in pRS22. The XcmI-SphI restriction fragment of pRS22 was then transferred to pPH2, resulting in pRS27 (gE-GFP hybrid transfer vector).
Construction of mutant viruses. PRV 99 DNA (which is deleted for the sequences encoding both gE and gI) was cotransfected by the calcium phosphate precipitation method into PK15 cells with either pRS39 (am281-gI) or pRS40 (am310-gI). After a complete cytopathic effect was observed, the infected cells were harvested, frozen, thawed, and replated onto PK15 cells to allow plaque formation. Plaques formed by recombinant virus were screened for gE expression by a black plaque assay (described below) using a pool of monoclonal antisera against gE. Recombinants that expressed gE protein were picked and purified by four rounds of plaque purification. The resulting viruses were named PRV 108 (am310-gI) and PRV 109 (am281-gI).
PRV 91 DNA (which lacks the sequences for gE) was cotransfected into PK15 cells with pRS27 (gE-GFP hybrid). Recombinant virus was purified as described above by screening for GFP expression by standard epifluorescence. Recombinants that expressed GFP were picked and purified by four rounds of plaque purification, resulting in PRV 103.
PRV 103 DNA (gE-GFP hybrid) was cotransfected into PK15 cells with either pRS43 (am310-gI; am457-gE) or pRS44 (am281-gI; am428-gE), and recombinant virus was plaque purified by screening for lack of GFP expression by epifluorescence. Recombinants that did not express GFP resulted in PRV 110 (am310-gI; am457-gE) and PRV 111 (am281-gI; am428-gE).
Construction of revertant viruses. PRV 108 and PRV 109 were reverted in a two-step process. First, either PRV 108 or PRV 109 DNA was cotransfected with a fragment encoding the gI-GFP hybrid from pRS48 (gI-GFP hybrid). Recombinants were isolated by screening for plaques that expressed GFP and were plaque purified four times. The resulting viruses were designated PRV 108GR and PRV 109GR. PRV 108GR and PRV 109GR were reverted to wild type by cotransfecting DNA from these viruses with a wild-type restriction fragment (SalI-AgeI from BamHI-7). Wild-type recombinants were screened for lack of GFP expression, subjected to four rounds of plaque purification, and named PRV 108R and PRV 109R.
PRV 110 was reverted by cotransfecting PRV 110 DNA with the wild-type StuI-BspEII restriction fragment from BamHI-1. Wild-type recombinants were screened by plaque size phenotypes (large plaques) on MDBK cells. One isolate was plaque purified four times and was named PRV 110R.
Verifying genotypes of recombinant viruses. The presence or absence of the desired mutations in recombinant viral DNA was confirmed by Southern blot analysis as follows. The amber mutation in PRV 108 creates a novel BfaI restriction site in the BamHI-7 fragment of PRV that alters a 6,612-bp fragment to a 2,987-and a 3,625-bp fragment following DNA digestion with BamHI and BfaI. The amber mutation in PRV 109 creates a novel BfaI restriction site in the BamHI-7 fragment of PRV that alters a 6,612-bp fragment to a 3,074-and a 3,538-bp fragment following DNA digestion with BamHI and BfaI. The amber mutations in PRV 110 both create novel BfaI sites in the BamHI-7 fragment of PRV that alter a 6,612-bp fragment to a 3,631-, a 1,648-, and a 1,333-bp fragment following DNA digestion with BamHI and BfaI. The amber mutations in PRV 111 create a novel BfaI site and introduce another AluI site in the BamHI-7 fragment of PRV. Digestion with BamHI and BfaI changes a 6,612-bp fragment to a 3,074-and a 3,538-bp fragment, while digestion with BamHI and AluI changes a 1,458-bp restriction fragment to 1,300 bp. The replacement of wildtype gE with the gE-GFP-hybrid fusion construct in PRV 103 was confirmed using a GFP-specific probe and by digesting the DNA with BamHI and SphI. The gI-GFP-hybrid fusion in PRV 108GR and PRV 109GR introduces a novel BglII restriction site in the BamHI-7 fragment of PRV that alters a 6,612-bp fragment to a 3,546-and a 3,066-bp fragment following DNA digestion with BamHI and BglII. The rescued viruses, PRV 108R, PRV 109R, and PRV 110R, displayed wild-type restriction patterns as predicted.
Indirect immunofluorescence and endocytosis assays. Indirect immunofluorescence assays were performed on fixed, permeabilized PK15 cells that had been infected for 4 h using a MAb that specifically recognizes gE complexed to gI (MAb 1/14), as previously described (37) . All endocytosis assays were performed at 4 h postinfection with MAb 1/14 as previously described (37) . Single optical sections were taken through the centers of the cells, using a Nikon MRC600 confocal microscope mounted on an Optiphot II, which utilizes an argon-krypton laser.
Black plaque and plaque size analysis. For black plaque analysis, PK15 cells were infected and overlaid with 1% Methocel for 48 h. Plaques were reacted with a 1:1:1 mixture of a gE MAb pool diluted 1:10 as previously described (38) . Plaque sizes were measured on MDBK cells at 72 h postinfection as previously described (36) . The diameter of 20 plaques was measured per virus, and the results were averaged.
Immunoprecipitation analysis. For steady-state experiments, PK15 cells were infected at a multiplicity of infection (MOI) of 10 for 5 h prior to labeling with
Lysates were collected 16 h postinfection in TNX buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100), and both denatured and native immunoprecipitations were performed as previously described (39) . For immunoprecipitations with protein A-coupled antibody Rb1544 20 l of beads (50% slurry) was added to denatured extracts and allowed to incubate overnight at 4°C. All washes were performed as previously described (39) . For pulse-chase analysis, PK15 cells were infected at an MOI of 10. At 5.5 h postinfection, the cells were incubated in cysteine-and methionine-free medium for 30 min and pulsed for 7 min with 125 Ci of label in 1 ml, and then radioactive medium was removed and replaced with nonradioactive medium. Samples were taken at the times indicated. Endoglycosidase H (endo H) digestions were performed in the following manner. The Staphylococcus aureus cells containing the immunoprecipitated proteins were resuspended in buffer H (50 mM Tris [pH 6.5], 1% sodium dodecyl sulfate [SDS], 1% ␤-mercaptoethanol) plus phenylmethylsulfonyl fluoride and boiled for 3 min to remove the bound proteins. The supernatant was removed, and sodium citrate (pH 5.5) was added to a final concentration of 100 mM; 1 mU of endo H (Boehringer Mannheim) was added, and the samples were incubated overnight at 37°C. The samples were acetone precipitated prior to analyzing on an SDS-polyacrylamide gel.
Animal experiments, tissue processing, and immunohistochemistry. Adult male Sprague-Dawley rats weighing 200 to 300 g at the time of the experiment were used in this study. Food and water were freely available during the course of the experiment, and the photoperiod was standardized to 14 h of light and 10 h of darkness. Experimental protocols were approved by the Princeton University Animal Welfare Committee and were consistent with the regulations stipulated by the American Association for Accreditation of Laboratory Animal Care and those in the Animal Welfare Act (Public Law 99-198). The animals were confined to a biosafety level 2 facility, and the experiments were conducted with specific safeguards as described previously.
For intraocular injections, 2.5 l of virus suspension (approximately 1 ϫ 10 8 to 2 ϫ 10 8 PFU/ml) was injected into the vitreous humor of the left eye of an anesthetized animal. When symptoms of infection were overt, the animals were sacrificed and exsanguinated, and the brains were removed as described previously (13) . Immunohistochemical analysis of coronal brain slices using rabbit polyclonal antiserum to whole PRV virus (Rb133) has been described previously (13) . Tissues were taken for analysis just prior to the estimated time to death.
RESULTS
Construction of mutant viruses. All viruses are described in Table 1 . Anchored mutants express the extracellular and transmembrane domains of the indicated proteins, while secreted mutants express only the extracellular domains of the proteins. To facilitate comparison of secreted and anchored gI with secreted and anchored gE, and the double-anchored or -secreted mutants with the single-anchored or -secreted mutants, the data also include infections with PRV 107 (anc [anchored] gE) and PRV 26 (sec [secreted] gE), which have been described previously (36, 38) . A diagram of the wild-type gI protein and constructed mutants is shown in Fig. 1 . We will refer to the anchored and secreted gI (PRV 108 and 109) or gE (PRV 107 and 26) mutants as single-anchored or -secreted gI or gE truncation mutants and to the double-anchored gI and anchored gE (PRV 110) or double-secreted gI and -secreted gE (PRV 111) as the double-truncation mutants.
Secreted and anchored forms of gI and gE are expressed to high levels and retain the ability to form a complex. Steadystate levels of the gI and gE proteins were analyzed by immunoprecipitations performed with extracts from PK15-infected cells labeled with Fig. 2A ). An identical protein was seen in PRV 91 (gE null)-, PRV 107 (anc gE)-, and PRV 26 (sec gE)-infected cells but was absent from PRV 98 (gI null)-infected cells. As predicted, the gI proteins made after infection with PRV 108 (anc gI) and PRV 109 (sec gI) migrated slightly further than wild-type gI protein in SDS-polyacrylamide gels, with apparent molecular masses of approximately 61 and 55 kDa, respectively. As expected, the gI protein made by PRV 110 (anc gI/anc gE) was indistinguishable from that made by PRV 108, and the protein made by PRV 111 (sec gI/sec gE) was similar to the protein produced by PRV 109. The gI and gE proteins produced by the revertant viruses were indistinguishable from wild-type virus as assayed by Western blot analysis (data not shown).
Rabbit polyclonal antiserum to the gE ectodomain immunoprecipitated immature and mature forms of gE from Beinfected cells, as shown in Fig. 2B . The precursor form of gE had an apparent molecular mass of 93 kDa, and the mature form had an apparent molecular mass of 110 kDa. Identical proteins were made in PRV 108-and PRV 109-infected cells. The gE-specific proteins were absent in PRV 91-infected cells, and the precursor form was the predominant form seen in PRV 98-infected cells, as previously reported (39) . As noted previously, the gE proteins expressed by PRV 107 and PRV 26 migrated faster than wild-type gE and had immature forms of 70 and 65 kDa, respectively, and mature forms of 93 and 85 kDa, respectively (36, 38) . Importantly, the gE protein produced by PRV 110 was indistinguishable from that produced by PRV 107, and the gE protein made by PRV 111 was indistinguishable from that made by PRV 26. Extracts were also immunoprecipitated for an unrelated glycoprotein, gC, as a loading control (Fig. 2D) .
We performed coimmunoprecipitations of gI and gE from undenatured extracts by using MAb 1/14, which specifically recognizes gE complexed with gI (Fig. 2C) . MAb 1/14 immunoprecipitated the 93-kDa immature and 110-kDa mature gE proteins, as well as the 65-kDa immature and 80-kDa mature forms of gI from PRV Be-infected cells. These proteins were absent from PRV 91 (gE null)-or PRV 98 (gI null)-infected cells. Both gE and gI could be readily coimmunoprecipitated by the antiserum in PRV 107-, PRV 26-, PRV 108-, PRV 109-, PRV 110-, or PRV 111-infected cells.
Unfortunately, we were unable to demonstrate that PRV 109 expressed a secreted gI protein found in the medium of . This same strategy has previously been used to construct anchored and secreted forms of the type I transmembrane protein, gE (36, 38) . PRV 110 and PRV 111 are double mutants expressing anchored gI plus anchored gE and or secreted gI plus secreted gE, respectively. In panel B, the 10 arginine residues in the domain are indicated with ϩ, the nine proline residues are in italics, and the transmembrane domain is underlined. infected cells, as we do not have an antibody that efficiently recognizes the mature form of the gI protein (data not shown). We have shown previously that PRV 26 encodes a secreted gE protein (38) and have evidence that PRV 111 also encodes a secreted form of gE (data not shown).
Steady-state localization of the gI-gE complex. To determine the steady-state localization of the gI-gE complex formed after infection with the various mutants, indirect immunofluorescence was performed with MAb 1/14 on fixed, permeabilized cells at 4 h postinfection. PRV Be-, PRV 107-, and PRV 26-infected cells are shown in Fig. 3 for comparison. The gI-gE complex formed after infection with PRV Be and PRV 107 localized in very similar patterns, with staining evident in the nuclear envelope, the endoplasmic reticulum (ER), Golgi region, and plasma membrane. As reported earlier, cells infected with PRV 107 showed more gI-gE complex on the cell surface than cells infected with wild-type virus, due to a disruption in endocytosis of the complex (36, 37) . Cells infected with PRV 26 showed gI-gE complex localization mainly in the ER and Golgi region and very little staining on the plasma membrane, as previously reported (38) . The gI-gE complex in cells infected with PRV 108, PRV 109, or PRV 110 localized similarly to wild-type gI-gE complex; however, several differences were noted. In PRV 108-infected cells, there were numerous gI-gEpositive vesicles scattered throughout the cytosol of the infected cells, more so than was seen in wild-type-infected cells. In PRV 110-infected cells, the plasma membrane showed bright gI-gE staining which was very similar to that of cells which had been infected with PRV 107. Finally, it was difficult to detect positive gI-gE staining in PRV 111-infected cells.
Endocytosis of the gI-gE complex. We determined the ability of the PRV gI-gE complexes to internalize at 4 h postinfection using an indirect immunofluorescence endocytosis assay with MAb 1/14. As shown in Fig. 4 , the wild-type gI-gE complex was detected on the plasma membrane of infected PK15 cells when the cells were not shifted to 37°C. However, after a temperature shift for the indicated times, the complex accumulated in the interior of the cells in cytoplasmic vesicles which became larger and more numerous with longer incubation at 37°C. The gI-gE complex formed after infection with PRV 108 (anc gI) was internalized similarly to wild-type gI-gE complex. Numerous vesicles accumulated in the interior of the cells after the temperature shift. The gI-gE complex formed after infection with PRV 110 (anc gI/anc gE) was also observed on the plasma membrane of PK15 cells, which were brightly stained at the 0-min time point. However, after a shift to 37°C for up to 45 min, most of the complex remained on the surface of the cells and did not accumulate appreciably in the interior of the cells, as previously reported for PRV 107 (anc gE) (36) , although a few gI-gE-positive vesicles were seen in the interior of the cells.
Plaque size in MDBK cells. Viruses that lack gE and gI form small plaques on MDBK cells (17, 18, 42) . It has also been noted that the plaques formed by a gI null virus are slightly larger than plaques formed by a gE null virus (17) . We analyzed plaques formed by the viral mutants on MDBK cells at 72 h postinfection (Table 2) . Plaques formed by wild-type virus had average diameters of 1.3 mm (set to 100%). Plaques formed after infection with the revertant viruses were not statistically different from wild-type plaques. Plaques formed by PRV 91 (gE null) and PRV 107 (anc gE) were significantly smaller, 70 to 72% of the wild-type size as previously reported (36) . PRV 26 (sec gE) made plaques that were 85% of the wild-type size as noted previously (38) . A virus lacking gI (PRV 98) also made plaques that were 85% of the wild-type size. Plaques formed by PRV 108 (anc gI) and PRV 109 (sec gI) were slightly larger than plaques formed by PRV 98 and were 92% of the wild-type size. There was no statistical difference between plaques formed by wild-type virus and PRV 108 or PRV 109. PRV 110 (anc gI/anc gE) made plaques that were identical to those made by PRV 91 and PRV 107 (73% of the wild-type size), while PRV 111 (sec gI/sec gE) formed plaques that were indistinguishable from those of PRV 98 and PRV 26 (85% of the wild-type size).
Pulse-chase analysis. We used pulse-chase analysis to determine the rate of processing of either the gI or gE protein after infections with the various viral mutants. As shown in Fig. 5A,   FIG. 3 . Steady-state distribution of gI-gE complexes. PK15 cells were infected at an MOI of 10 for 4 h with either PRV Be (wild type), PRV 107 (anc gE), PRV 26 (sec gE), PRV 108 (anc gI), PRV 109 (sec gI), PRV 110 (anc gI/anc gE), or PRV 111 (sec gI/sec gE). The cells were fixed, permeabilized, and reacted with a MAb that specifically recognized gE when it was complexed with gI (MAb 1/14). An Alexa-568-conjugated secondary antibody was used to visualize bound MAb. Confocal sections were taken through the center of the cells. the gI antiserum immunoprecipitated the 65-kDa immature form of the protein at the 0-min time point from wild-type (PRV Be)-infected cell lysates. This protein remained stable up to 120 min of chase. As this antibody does not recognize the mature form of the gI protein, the conversion of immature to mature gI protein could not be monitored. It is important to note, however, that the amount and electrophoretic mobility of this protein were identical at all time points when wild-type virus was used. In the latest time point, 120 min, some of the immature gI protein began to disappear, presumably due to its conversion to the mature form. The pulse-chase analyses of gI after infections with PRV 108 (anc gI) or PRV 109 (sec gI)
showed results similar to one another. At the 0-and 15-min time points, multiple gI species could be detected. These proteins resolved to one form after a 30-min chase. However, even after a 30-min chase, this band was diffuse and continued to become more distinct until 90 to 120 min of chase. The results of immunoprecipitations from PRV 110-or PRV 111-infected cells are shown in Fig. 5B . The results obtained with PRV 110 were indistinguishable from those obtained with PRV 108, and those with PRV 111 were indistinguishable from those of PRV 109.
The results of immunoprecipitations using the rabbit polyclonal antiserum directed against the gE cytoplasmic domain are shown in Fig. 5C . In PRV Be-infected cells, only the immature gE protein was detected at 0 and 15 min of chase. The mature form of the protein was first immunoprecipitated at the 30 min time point. The half-time for conversion of the wildtype gE precursor to the mature species was between 30 and 60 min. In contrast to results obtained with the gI antiserum, pulse-chase analysis of gE after infections with PRV 108 and PRV 109 gave results identical to those for wild-type virus. The appropriate gE-specific proteins were immunoprecipitated, and the half-time to conversion to the mature form was identical. The gE pulse-chase from PRV 110-or PRV 111-infected cells is shown in Fig. 5D . Immunoprecipitations were performed with a polyclonal antibody that recognizes the ectodomain of the protein. The gE protein made by PRV 110 was converted to the mature form with similar kinetics as wild-type gE protein. The gE protein produced after infection with PRV 111 however, showed a delay in processing to the mature form and was not completely processed after 120 min of chase, as shown previously for PRV 26 (sec gE) (38) .
To further define the processing defect of the gI proteins, we repeated the pulse-chase analysis using shorter chase periods FIG. 4 . Endocytosis of the gI-gE complexes. PK15 cells were infected at an MOI of 10 with either PRV Be (wild type), PRV 108 (anc gI), or PRV 110 (anc gI/anc gE) for 4 h prior to an indirect immunofluorescence endocytosis assay as described in Materials and Methods. Briefly, the cells were incubated at 4°C with MAb 1/14, which specifically recognized gE when it was complexed with gI. The cells were shifted to 37°C for the indicated times to allow internalization of the protein complex, then fixed, permeabilized, and reacted with a secondary antibody to visualize the bound primary antibody. Confocal sections were taken through the center of the cells. and treated half of the immunoprecipitates with endo H. Endo H digestion cleaves high-mannose N-linked sugar modifications received in the ER or cis-Golgi from the peptide backbone of glycoproteins. The gI protein contains five potential N-linked glycosylation sites as determined by protein sequence. The results are shown in Fig. 5E . At all time points analyzed, PRV Be-infected cells showed a single protein of 65 kDa that was sensitive to endo H digestion and was digested to a faster-migrating form of approximately 45 kDa. These proteins were indistinguishable from one another at all time points. In lysates from PRV 108-infected cells, at least five proteins were immunoprecipitated with gI antiserum at the 0-min time point. These proteins resolved to one slower-migrating form of 60 kDa between 15 and 60 min of chase, as shown in Fig. 5A . All forms of the protein were completely sensitive to endo H digestion. The results of experiments with PRV 109 were similar to those done with PRV 108. At least five endo H-sensitive proteins were immunoprecipitated at 0 min, and these proteins were resolved to a single slower-migrating form.
Spread in the rat CNS. In the rat retina infection paradigm, retinal ganglion cells lining the retina are the first order neurons that become infected. After infection of these cell bodies, virus travels down the axon terminals and infects second-order, synaptically connected neurons in retinorecipient areas. Wildtype virus (PRV Be) can travel to all retinorecipient areas, including the suprachiasmatic nucleus (SCN), the lateral geniculate nucleus (LGN), including the dorsal and ventral aspects (dLGN and vLGN) and intergeniculate leaflet (IGL), as well as the SC (8). The SCN and the IGL are broadly defined as circadian rhythm centers while the dLGN, vLGN, and SC are visual centers. gE or gI null viruses can infect only the SCN and the IGL (39) . We determined the ability of the various mutant viruses to infect these areas after intraocular infection to test the role of the gI cytoplasmic domain in gI-facilitated spread of virus. Animals infected with PRV 108 (anc gI) and PRV 109 (sec gI) survived until 67 to 103 h postinfection, while those infected with PRV 110 and PRV 111 survived until 71 to 95 h postinfection. Animals infected with PRV Be or revertant viruses never survived beyond 71.5 h postinfection (n ϭ 13). We analyzed the brains of animals that survived to both early and late times after infection; the results are illustrated in Fig. 6 and tabulated in Table 3 . Figure 6A shows a brain from an animal infected with PRV 108R as an example of a wild-type infection. This virus established a robust infection in all retinorecipient regions. The patterns of infection in the brains of animals infected with PRV 108 and PRV 109 were indistinguishable from one another and showed striking features. If an animal died at an earlier time point after infection, the staining pattern in the brain was indistinguishable from that of an animal infected with a gI null virus (39) . Staining was observed only in the SCN and the IGL (the restricted infection pattern of gE and gI null mutants). If the animals survived to late times postinfection (Ͼ90 h postinfection), all areas normally infected by wild-type virus were also infected by the viruses. Most notably, the SC was heavily infected in animals with longer survival times. This kinetic effect was not observed with the single gE anchored or secreted mutant (36, 38) . The brains of animals infected with either PRV 110 or PRV 111 are shown in Fig. 6B . The infection pattern in these brains was not dependent on the time at which the animal died. All brains had a staining pattern that was identical to that for a gI null virus, with strong staining evident only in the SCN and the IGL. The staining pattern in brains of animals infected with the revertant viruses was identical to the pattern for animals infected with wild-type virus (data not shown).
Virulence of truncation mutants. By measuring the mean time to signs of imminent death after infection by various mutants, we assessed the contribution of the gI cytoplasmic domain to virulence (6, 7). As shown in Table 4 , we found that animals infected with all of the revertant viruses (PRV 108R, PRV 109R, and PRV 110R) were identical to animals infected with wild-type virus, with times to signs of imminent death of 67.3, 64.6, and 58.0 h, respectively. By contrast, animals infected with PRV 98 (gI null) or PRV 91 (gE null) lived to extended times postinfection (78.7 and 79.5 h). We observed that animals infected with mutants expressing anchored gI (PRV 108) or secreted gI (PRV 109) showed mean times to signs of imminent death at 89.9 and 75.0 h. More animals will need to be analyzed to determine if these numbers are statistically different from one another. In addition, we found that infections with the double-truncation mutants PRV 110 (anc gE/anc gI) and PRV 111 (sec gE/sec gI) were similar to those obtained with the single-truncation mutants (83.3 and 84.7 h). We observed a large standard deviation in these measurements with some viruses, as shown in Table 3 . We have noted this previously with various attenuated viruses (36) . Not only did animals infected with all of these mutant viruses live to extended times after infection, they also displayed mild symptoms typical of infection with an attenuated virus.
DISCUSSION
Previous studies have shown that expression of the gE ectodomain with wild-type gI is sufficient to mediate spread to areas not infected by a gE or gI null virus (36, 38) . The experiments in this report were initiated to determine if the gI cytoplasmic domain is dispensable for anterograde transmission of virus in the rat CNS. To test this idea, we constructed viral mutants that expressed the ectodomain of gI (anchored or secreted gI) in combination with wild-type gE. We also constructed double mutants that expressed either anchored gI and anchored gE or secreted gI and secreted gE. We hypothesized that if the gE and gI ectodomains functioned in concert, then the cytoplasmic domains of both proteins would be dispensable for spread. Consequently, all of these viruses would have the same phenotype as a virus expressing either anchored or secreted gE in combination with wild-type gI. The results that we obtained, however, suggest that the actions of gE and gI are more complicated than just the action of a single complex. These results are summarized in Table 5 . Our data suggest that gE and gI may play different roles in mediating spread in the CNS. In addition, we discovered that the cytoplasmic domain of gI is required for full virulence and that it is responsible for efficient posttranslational N-linked glycosylation of the gI ectodomain.
Our in vitro analysis showed that the truncated gI mutants were expressed to high levels, maintained the ability to complex with gE, and were not significantly altered in their steadystate localization within the infected cell. This finding proves that interaction between PRV gE and gI does not require the cytoplasmic domain of either protein but requires only the ectodomains of both of the proteins, as has been suggested for other alphaherpesviruses (2, 29) . In addition, we observed no difference in endocytosis of the complex in cells infected with PRV 108 (anc gI) compared to wild-type virus. Endocytosis in cells infected with PRV 110 (anc gI/anc gE) was indistinguishable from that for cells infected with the single-anchored gE mutant (PRV 107) (36) . Clearly the gI cytoplasmic domain has no effect on directing endocytosis of the complex and that all of the signals necessary for directing endocytosis of the complex are encoded in the gE cytoplasmic domain.
We measured cell-to-cell spread in vitro by analyzing plaques formed by the various viruses. In this report, we found that PRV 108 (anchored gI) and PRV 109 (secreted gI) formed plaques that were not statistically different in size from plaques formed by wild-type virus, while a gI null virus formed plaques that were 85% of the wild-type size. Although the gE cytoplasmic domain is important for spread in this assay, the gI cytoplasmic domain must play only a minor role in promoting cell-to-cell spread in MDBK cells. When double mutants were analyzed, we found that the double-anchored mutant made plaques identical in size to those made by a gE null virus, while a double-secreted mutant made plaques indistinguishable from those made by a gI null virus. The combination of the mutations resulted in viruses that were more defective than viruses with single gE or gI truncation mutants. Therefore, gE and gI must not play equivalent roles in directing cell-to-cell spread.
The kinetics of gI processing was affected by loss of the cytoplasmic domain. This result seen in PRV 108-, PRV 109-, PRV 110-, or PRV 111-infected cells was striking and novel. It is difficult to imagine how the loss of the gI cytoplasmic domain could affect the rate of glycosylation of the ectodomains of the proteins. If the proteins were cotranslationally glycosylated, glycosylation would be just as efficient as seen with wild-type protein. A single stop codon after the sequences encoding the transmembrane domain of the protein should not affect cotranslational processes. The available data suggest, then, that wild-type gI protein must be "posttranslationally" glycosylated after complete translation and insertion of the protein into the ER. As the protein encoded by PRV 108 is lacking only the cytoplasmic domain of gI, the data suggest that the cytoplasmic domain of the protein must be translated or the rate of glycosylation of the ectodomain is reduced. Therefore, without the cytoplasmic domain, anchored and secreted gI proteins are not glycosylated as efficiently as wild-type protein and all five glycosylation events can be observed during the pulse-chase as a ladder of gI-specific proteins. The C-terminal domain of gI could affect the glycosylation rate of the ectodomain by altering the conformation of the protein or by binding to another protein.
Like the MDBK plaque size analysis, the in vivo data also show differences between the gI and gE truncation mutants. Previous experiments demonstrated that the N-terminal 428 amino acids of gE are sufficient to sponsor viral infection of all retinorecipient areas of the brain that wild-type virus infects (36, 38) . However, unlike viruses expressing truncated proteins due to nonsense mutations in gE, PRV 108 (anc gI) and PRV 109 (sec gI) were not wild type in neuroinvasiveness to visual centers after rat retina infections. These mutants displayed a kinetic defect in infection of these areas. In contrast to PRV 107, 25, and 26, PRV 108 and 109 were not able to infect these regions unless the animals survived beyond 90 h postinfection. We conclude that the gI ectodomain is not sufficient for wildtype neuroinvasiveness and that the gI cytoplasmic domain We are currently considering two models for transsynaptic spread by which both ectodomains and at least one of the cytoplasmic domains are required. These models are similar to the models presented by Dingwell and Johnson (9) and Brideau et al. (4) . In model 1, the gE and gI ectodomains must be targeted to the appropriate site to achieve efficient spread. While targeting information would reside in either of the cytoplasmic domains, the gI cytoplasmic domain would be more efficient at directing the complex. In support of this, we found that the gE and gI transmembrane and cytoplasmic domains could direct GFP to similar intracellular locations during a viral infection (data not shown). Targeting could be achieved through signals encoded by these domains or through the interaction of these domains with another protein (i.e., Us9). These signals would be redundant, encoded by both of the domains, and defects in targeting would not be seen until mutations of both were made. One drawback of this model is the fact that the gE and gI cytoplasmic domains share virtually no sequence or motif homologies. It is unlikely that these two domains could encode the same targeting motifs or ability to interact with the same protein. The second model is similar to the first in that the ectodomains of the proteins are still responsible for mediating spread. However, the ectodomains must be activated to mediate spread. Activation would be achieved primarily through the gI cytoplasmic domain. For example, the ectodomain of the gE-gI complex could change conformation due to the presence of the gI cytoplasmic domain. In the absence of the gE cytoplasmic domain (PRV 107, PRV 25, and PRV 26), the ectodomains are active and spread occurs. In the absence of the gI cytoplasmic domain (PRV 108 and PRV 109), activation occurs slowly and there is a rate defect in infecting visual centers. In the absence of both domains (PRV 110 and PRV 111), activation does not occur and spread is identical to that of the null mutants. We are currently exploring both of these possibilities.
Although neuroinvasiveness of PRV relies primarily on the gE and gI ectodomains and partly on the gI cytoplasmic domain, virulence of PRV clearly requires both the gE and the gI cytoplasmic domains. The gE and gI cytoplasmic domains are both required for an infected animal to exhibit severe symptoms and rapid death characteristic of infections with a wild- d Virulence (degree of pathogenesis after rat eye infection) was measured in terms of mean time to death or appearance of symptoms. Typical severe symptoms of PRV disease in the rat include ruffling of the fur, nasal discharge, hunched posture, labored breathing, uncoordinated movement, and scratching or rubbing of face, particularly in the area surrounding the injected eye. Not only do these symptoms appear more rapidly after wild-type virus infection, but also they are markedly severe in intensity. Animals infected with mutant viruses lacking gE or gI live longer and exhibit milder symptoms that are delayed in onset (attenuated). However, all infected animals ultimately die.
e NA, not applicable. type virus. We suggest that both the gE and gI domains act in concert to mediate this expression of virulence. The mechanism by which the gE and gI cytoplasmic domains promote virulence remains to be elucidated. One intriguing possibility involves phosphorylation of the gE cytoplasmic domain. Perhaps phosphorylation of gE results in a signal transduction cascade culminating in new gene expression that is responsible for the induction of the symptoms that we score as virulence. The presence of the gI cytoplasmic domain may be required to control phosphorylation/dephosphorylation of the gE cytoplasmic domain. We know that in PK15 cells, gE is phosphorylated just as efficiently after infections with PRV 108 (anc gI) and PRV 109 (sec gI) or even after infection with a gI null (data not shown). It is not clear though, whether phosphorylation in these cultured cells reflects the phosphorylation that would occur in infected animals. Another possibility is that the gE and gI cytoplasmic domains cooperatively bind a cellular or viral protein. Binding of the protein by gE and gI would lead to the expression of the virulence phenotype. We are in the process of testing these ideas.
